ABSTRACT: To describe how decapod crustaceans are adapted to depth, the duration and timing of the reproductive periods of the 19 most abundant species were compared across the continental margin of the NW Mediterranean Sea. Reproductive activity centered on different seasons, depending on genus, but the deepest-dwelling species of this study, i.e. those living at depths from 600 to >1000 m, showed more seasonal reproductive activity than species dwelling in shallower waters, in which reproductive activity occurred year-round. Thus, in genera where 2 or more species were studied (Pasiphaea, Processa, Plesionika, Munida), the duration of the reproductive periods decreased with increasing depth distribution of congeneric species. This pattern was present in epi-mesopelagic, nektobenthic and benthic species. The only exception was the blind palinuran Polycheles typhlops. Suspended particulate matter concentration in the water column generally decreased from the shelf and upper-slope down to the deep-slope region along the 3 seasonal samplings. Furthermore, vertical fluxes collected near the bottom at ~1000 m depth showed a clear seasonal trend. We discuss how differential matter sinking to the benthic ecosystems versus species depth distribution may be the proximal cause of decapod crustacean reproductive seasonality, and how phylogenesis and light intensity should also be taken into account when describing how species are adapted to the transitional depths of the continental margin of the NW Mediterranean Sea. 
INTRODUCTION
Marine scientists are increasingly aware that all marine ecosystems are highly interconnected and that processes in coastal and shallow habitats have a major influence on deep-water and deep-sea habitats (Gooday 1988 , 2002 , Asper et al. 1992 , Puig et al. 2001 , Smith et al. 2002 . However, the current information is unbalanced. Marine coastal and shallow habitats have been widely studied, but deep-sea habitats are among the least studied on earth and, consequently, their ecological dynamics are still poorly understood. Nevertheless, a considerable scientific effort has taken place in the last 2 decades. A number of studies describe the reproductive processes of deep-sea species dwelling at depths below 1000 m (Gage & Tyler 1991 , CamposCreasey et al. 1994 , Tyler et al. 1994 , Ramirez-Llodra et al. 2002 and how these species develop their life cycles in these extreme habitats (Gage & Tyler 1991 , Levin et al. 1994 , Ramirez-Llodra et al. 2000 . Curiously, the intermediate depth stratum between 200 and 1000 m has however been neglected. Comparative studies of megafaunal (i.e. total length over 1 cm) species dwelling at these intermediate depths have been mainly addressed in terms of growth, biochemical and physiological adaptation to the midwater realm (Childress et al. 1980 , and see review by Childress 1995) , and even fewer studies are available regarding the benthic realm (Childress et al. 1990 . These intermediate depths have strong physical and biochemical gradients: the pressure increases progressively and a physiological boundary has been established at ~1000 m (Somero et al. 1983) ; the temperature usually decreases by more than 10°C, although this decrease is not found in the Mediterranean (Hopkins 1985) ; the trophic resources decrease dramatically; and the light decreases progressively up to 1000 m before completely disappearing below this depth (Margalef 1986) . In this sense, the biological study of congeneric species dwelling across the upper and middle slope habitats should be highly enlightening and may supply valuable knowledge of the biological characteristics present in deeper waters, since these environments act as a physical and biochemical transitional environment between the shallow (< 200 m) and the deep-sea (>1000 m) domains, to which life cycles of individual species are adapted.
The realisation that deep-water and deep-sea species quickly respond to different temporal patterns of organic input has significant implications for our understanding of animal community structure and ecosystem dynamics (Levin et al. 1994 , Eckelbarger & Watling 1995 , Levin & Gage 1998 , Gooday 2002 , Smith et al. 2002 . Reproductive cycles and life histories of species living in these habitats may have to be adapted to environmental features occurring far away from them, i.e. at the photic zone. Evidence that the seasonal sinking of phytodetritus triggers reproductive processes in species dwelling below 1000 m depths has been reported by Tyler et al. (1994) and RamirezLlodra et al. (2002) . Few studies are available, however, in terms of geographical area and time-series of data regarding reproductive biology of deep-sea species. The knowledge of the duration of the reproductive processes, i.e. number of months during which females are in reproductive activity, has been considered of great importance in order to understand the species-habitat interaction and evolutionary adaptation to the environment (Eckelbarger & Watling 1995) . Seasonal processes in reproduction have been generally attributed only to shallow water species, while continuous biological processes have been generalised to deep-sea habitats linking this seasonless pattern with the 'theoretically' physical stability of the deepsea environments (Orton 1920 , Rokop 1974 , 1977 , and see review by Gage & Tyler 1991) . Nevertheless, more recent works report that, in fact, quite opposite to the first hypotheses postulated, deep-sea species (dwelling below 1000 m) show a large variety of reproductive patterns and both seasonal and non-seasonal processes have been described (Blake 1993 , Gage 1994 , Tyler et al. 1994 . Blake (1993) and Tyler et al. (1993) hypothesised that deep-sea polychaetes and 2 sympatric species of seastar with surface deposit feeder characteristics would be more likely to exhibit seasonality in their reproduction than subsurface deposit feeders. Usually, the information available compares the reproductive periods of deep-sea animals with those of 'shallow' ones, but the designation of shallow is confusing when trying to assign a specific depth. Coastal, shelf and upper or middle slope habitats are highly different, and considering all of these together could lead to errors when trying to establish general patterns of comparison between shallow and deep-sea processes.
Biological processes occur at slower rates in deep waters, and, in particular, the metabolic rates of deeperliving species are much slower than their shallowerliving relatives. Slower rates have been largely linked to the need for adapting to the low food availability at greater depths (Smith 1987 , Gage 1991 , 1992 . However, recent hypotheses have indicated that adaptation to low levels of light in mid-depth environments could account for this decline of biological processes, and in particular for the metabolic rates of midwater animals (Childress 1995) . The metabolism of midwater fishes, crustaceans and cephalopods decreases down to 1000 m depth and below this depth the metabolism ceases to decline (Childress & Somero 1979 , Cowles et al. 1991 , Seibel et al. 2000 . These authors postulate that light plays an important role not only in the distribution of species but also in the evolutionary processes of these midwater animals. A weaker predator-prey interaction due to the low light intensity at greater depths may account for this decline in metabolic rates.
The main objective of the present study is to compare the reproductive periods of the decapod crustacean community dwelling in transitional environments, from shallow (shelf) habitats to deep-sea (lower-slope) habitats, i.e. between 150 and 1100 m, and to correlate these reproductive processes with the spatial-temporal variability of organic fluxes input to these habitats.
MATERIALS AND METHODS
Specimens. Decapod crustaceans were sampled monthly from November 1992 to October 1993 using a 6 m high commercial bottom otter trawl fitted with a 6 mm mesh cod-end liner. Six additional seasonal sampling cruises were carried out to increase the depth range surveyed, using 2 experimental otter trawl gears, an OTBS-14 trawl (Merrett & Marshall 1981) and an OTMS trawl ) (see Company & Sardà [2000] for further information on cruises and sampling procedures). The overall depth range sampled was between 150 and 1100 m on the upper and middle continental slope in the NW Mediterranean Sea off Barcelona (Fig. 1) . A total of 43 000 specimens from 15 decapod crustacean species were analysed (for details see Table 1 ). In order to compare the reproductive periods of the most abundant species distributed on the continental margin of the NW Mediterranean Sea, 4 additional species were used in this comparative approach: Aristeus antennatus, Nephrops norvegicus, Macropipus tuberculatus and Liocarcinus depurator (data obtained from Demestre 1990 , Sardà & Lleonart 1993 and Abelló 1989a . Thus, a total of 19 species, belonging to 11 different families and 6 infraorders, were used in this study (Table 1) .
Five stages of gonadal development were established for females, as follows: I: immature; II: resting gonads; III, IV and V: 3 stages of recrudescent gonads, i.e. from the initial stages of gametogenesis up to the stage prior to spawning of eggs (according to Company & Sardà 1997) . The stages were defined according to the relative intensity of the colour and size of the gonads. In order to compare the duration of the annual reproductive periods, monthly percentage of females with recrudescent gonads (Stages III, IV and V) and monthly percentages of ovigerous females were represented in relation to the total female population.
Suspended particulate matter distribution. Hydrographic profiles down to 5 m above the seabed were collected across the continental margin from the shelf down to 1000 m depth (Fig. 1 ) using a Neil Brown Mark III CTD coupled with a Sea Tech 25 cm path length transmissometer. Three oceanographic surveys were carried out in April, June and October 1993 (the April and October surveys were on board the RV 'García del Cid' and the June survey was on board the RV 'Hespérides'). These surveys coincided with the main sampling period of the decapod individuals. The same stations were occupied on all cruises to identify the main hydrographic features and the temporal and spatial variability in particulate matter distribution.
Water samples were collected on each cast near the bottom, at the surface and at intermediate depths by means of 5 l Niskin bottles mounted on a General Oceanics CTD rosette sampler. The samples were filtered through pre-weighed Nuclepore polycarbonate filters (diameter 47 mm, pore size 0.4 µm) to determine particulate matter concentration (PMC), and they were used for transmissometer data calibration. Downward particle fluxes. Annual time-series of downward particle fluxes and organic constituents (biogenic silica and organic carbon) were determined in the same study area during approximately the same period when biological sampling was conducted (Fig. 1) . Mass fluxes were obtained fortnightly by means of a sequential sediment trap (PPS3 Technicap) deployed at 980 m depth, 30 m above the seafloor, from May 1993 to April 1994. The collected samples were processed in the laboratory according to Heussner et al. (1990) . The total samples were divided into several aliquots, to obtain different sub-samples for various analyses. Contaminating zooplankton not related to the passively-sinking flux, also called 'swimmers', were removed by hand, using forceps, under a dissecting microscope.
Sample dry weight was determined using 3 subsamples filtered onto pre-weighed Millipore filters (diameter 47 mm, pore size 0.45 µm), rinsed with distilled water and dried at 40°C for 24 h. Total mass flux was calculated from the sample dry weight, the collecting trap area and the time sampling interval.
Biogenic silica (opal) was analysed using a wetalkaline extraction with sodium carbonate according to Mortlock & Froelich (1989) . This analysis consisted of a differential wet-chemical extraction into a 2 M Na 2 CO 3 solution at 85°C for 5 h.
Organic carbon content was measured in duplicate using a Leco induction carbon analyser. Two subsamples were filtered onto pre-weighed Whatman GF/F glass microfiber filters (diameter 47 mm), previously combusted at 550°C for 24 h. Retained sediment was acidified before the analysis to remove carbonates, by gradually adding a few drops of HCl (1 M) onto the filter placed in a ceramic sample container, until no effervescence was noticed. Data presentation. Even though the main sampling periods for both specimens and suspended particulate matter surveys coincided, there was an uncoupling between the capture of the specimens and the annual time-series of downward particle fluxes obtained from the sediment trap. While summer and autumn particle fluxes coincided with specimen collection, winter and early spring particle fluxes were obtained during the 5 mo following, to finish the annual sampling of the specimens. Timing of the main values of downward particle fluxes at 1000 m depth can vary from year to year depending on the temporal variability of the particle sources (surface planktonic blooms and/or lateral conduits). Although a potential slight uncoupling of our data might be present, it is assumed that on an annual basis the timing at 1000 m would be similar, thus enabling us to use both sets of data for our comparative study. Both biological and downward particle fluxes data were therefore represented graphically and plotted as a standardised calendar year, i.e. from January to December.
RESULTS

Duration of reproductive periods versus species depth distribution
The reproductive periods of 19 decapod crustacean species dwelling across the NW Mediterranean continental margin are shown in Fig. 2 Congeneric species present maximal reproductive activity in the same season of the year, but species depth distribution affects the period, in months, during which females are reproductively active. Thus, the deepest-dwelling species of each one of the families or genera showed a decrease in the duration of the reproductive periods in comparison with their shallower-living congenerics. This increasing seasonality of the reproductive periods appears in the infraorders, families or genera where more than 2 species were present, i.e. in the 2 Penaeidea species Solenocera membranacea and Aristeus antennatus; in the 2 Pasiphaea spp.; in the 2 Processa spp; in the 5 Plesionika spp.; in the 2 Anomura Munida spp; and finally, in the 2 Brachyura crabs belonging to the family Portunidae, Liocarcinus depurator and Macropipus tuberculatus. For Anomura and Brachyura, the percentage of females with recrudescent gonads was higher in the deepest-dwelling species when compared with the shallow congeneric species of both the anomuran Munida tenuimana and the portunid crab M. tuberculatus. However, the number of months during which the percentage of females with resting gonads was observed was higher in the deepestdwelling species, following the general results described for all the other infraorders. Similar results were obtained for the ovigerous females of these 2 last mentioned infraorders. Finally, the deep-sea brachyuran crab Geryon longipes also had a marked seasonal reproductive period. The reproductive period of this latter species might be compared with the reproductive period of a shallower-dwelling brachyuran crab species, P. cuvieri. Even though very few individuals were available for P. cuvieri, females with recrudescent gonads and ovigerous females were found during a higher number of months when compared with G. longipes. Thus, species from different genera, families and/or even infraorders, and from different habitats (i.e. epimesopelagic, nektobenthic and benthic-endobenthic shrimps and crabs) show the same biological response in terms of duration of their reproductive periods. Polycheles typhlops is the only species found below 600 m depth that did not follow a marked seasonality in its reproductive processes (Figs. 2 & 3) .
Suspended particulate matter distribution and downward particulate matter fluxes
Suspended particulate matter distribution in the water column of the study area is shown in Fig. 4 . In all 3 surveys, suspended particulate matter concentration (PMC) showed a general seaward decrease from the shelf and upper-slope down to the deepslope region. Near-bottom particle concentrations in the upper-slope region were at least 2 times higher than those at ~1000 m water depth. In addition, the upper-slope regions exhibited several intermediate-nepheloid layer detachments, mainly concentrated at the shelf-break (i.e. 120 m depth) and around 400 to 500 m depth. These detachments barely reached the deeper study area, where welldeveloped nepheloid layers were not detected below 600 m water depth and where the PMC was not higher than 0.3 mg l -1 . PMC was similar in the 3 cruises, not showing evident seasonal differences. However, larger sinking particles fluxes collected fortnightly near the bottom at 1000 m depth ranged from 108 mg m -2 d -1 in late September to 1703 mg m -2 d -1 in late January; they were much higher in winter than in summer and showed a clear seasonal trend (Fig. 5 ). Organic carbon (OC) content of sinking particles also showed a seasonal variability, which was inversely related to total mass fluxes. During the winter, the OC content was lower and more constant, maintaining values around 2.5%, whereas during the summer the OC content increased and was more variable, reaching a maximum value of 5.7% in early July. On the other hand, biogenic silica content did not have the same seasonal pattern of the total mass flux and of the organic carbon, but showed a seasonal increase from March to May, associated with the biological spring bloom in surface waters. The lowest values were found during the autumn-winter seasons (Fig. 5) .
Timing of reproductive processes
Fig. 6 compares the timing of the reproductive periods of the species showing seasonal reproductive activity with the near-bottom total mass fluxes and organic composition recorded at 1000 m. Thus, in this figure, all the deepestdwelling species available were represented with the sole exception of Polycheles typhlops, i.e. the single middle-slope dwelling species that did not present a marked seasonal reproductive period. The reproductive periods of the species shown in Fig. 6 have not been ordered phylogenetically (as in Table 1 ) nor by life habits (i.e. from pelagic to endobenthic or from endobenthic to pelagic). Rather, the species have been ordered from top to bottom according to the month in which females with recrudescent gonads started to appear.
Middle-slope dwelling species undergo their maximal reproductive activity at different seasons of the year, and a direct correlation between both the timing of the mass fluxes and the timing of the reproductive periods could Table 1 for species code Fig. 5 . Annual time course of total mass fluxes, organic carbon and biogenic silica contents of settling particles collected at ~1000 m depth in the study area not be determined (Fig. 6 ). However, females of all these species start to have recrudescent gonads, or present their reproductive periods, in the spring and summer months, immediately after the spring bloom (maximal percentage of biogenic silica) and after the abrupt decrease of the total matter sinking to the bottom. Looking at the relationship between the reproductive periods of every species and the mass fluxes, the data show how minimal mass flux and the maximal organic input to the sea bottom coincide with the species that mainly reproduce during spring and summer months (i.e. Aristeus antennatus, Plesionika acanthonotus and the activation of the female gonads of the anomuran species Munida tenuimana). Total maximal fluxes are related to species that reproduce during the autumn and winter season (i.e.
Pasiphaea multidentata, and ovigerous females of M. tenuimana and Geryon longipes).
When the reproductive periods of the seasonal species are ordered, an unexpectedly perfect asynchronism between species appears. In Fig. 6 , it can be seen how females of P. acanthonotus with recrudescent gonads (thick grey line) start to be present during January (although maximal percentages were in March-April) and females with recrudescent gonads of other species progressively appeared in the later months. The same trend was observed for the presence of ovigerous females (thick black line).
Biological traits related to the timing of the reproductive processes
Some biological characteristics of the deepestdwelling species studied here are indicated in Table 2 with the aim of finding biological features that may correlate with both the timing of the reproductive periods and the timing of the first appearance of juveniles in the habitat. The data in Table 2 has been derived from several sources (see footnotes, Table 2 ). The fact that species dwelling in the shallowest range studied here presented a continuous reproductive activity (which means no clear seasonality of juvenile appearance; see for example of species of the genera Pasiphaea), made it impossible to present this relationship for all the species studied here. Polycheles typhlops has been included in this comparison in order to point out the biological differences from the other species shown in Table 2 . In order to make the results in Table 2 more comprehensible, some general characteristics of decapod crustacean biology need to be mentioned. The time-lapse between larval release and larval settlement is highly correlated with egg size and larval size at hatching, which is a phyletic trait relatively similar within family taxa, when compared among different families of animal invertebrates (Giangrande et al. 1994, Eckel-209 Table 2 . Relationship between reproductive periods, first appearance of juveniles and egg size/number/colour among decapod crustaceans dwelling in the deepest bathymetric range sampled in this study (between 600 and 1100 m depth). Species are ordered, from left to right, following the phylogenetic classification shown in Table 1 Company (1995) ; f this study; g this species does not carry eggs (Demestre & Fortuño 1992) ; h egg size and egg number is indicated as a relative value when compared only between the species of the table;
i this species does not carry eggs but the number of the oocytes in recrudescent gonads is, relatively, very high (Demestre & Fortuño 1992) ; j Company & Sardà (1997) barger & Watling 1995, Giangrande 1997). Also, timing of larval settlement must be somehow correlated with the timing of the species' reproductive periods. On the other hand, it has been demonstrated that matter sinking to the bottom is positively correlated with meioand macrofauna abundance and distribution in deepwater and deep-sea habitats Gage 1998, Smith et al. 2002 and references therein) . No clear information is available at present regarding the relationship between megafaunal biomass fluctuations and spatial distribution versus differential matter fluxes to the benthic system. Thus, megafaunal biological processes may not be directly related to energy input to the bottom, mainly due to their higher level in the trophic chain. However, megafaunal reproductive processes could be highly related, or adapted, to energy input and the processes occurring in the photic zone due to larval processes (dispersion/ survival/settlement). Thus, Table 2 shows how the maximal presence of juveniles of several species was detected from late winter to early spring, even in species that present different timing of their reproductive periods (Fig. 6) . The 'autumn-winter' reproductive species e.g. Pasiphaea multidentata and Munida tenuimana, present a relatively low egg number and a relatively big egg size, which is directly related to a spring maximal presence of juveniles (short pelagic larval life). Spring and summer reproductive species, e.g. Aristeus antennatus and Plesionika acanthonotus, show a free spawning and a relatively intermediate egg size and egg number, respectively, which is related to longer pelagic life of the larvae. On the other hand, if the reproductive periods of the species represented in Fig. 6 had been ordered phylogenetically, i.e. from Penaeidea to Brachyura (see Table 1 for the phylogenetic order of the species), it would have been possible to see graphically how a longer period of time between maximal presence of females with active gonad and maximal presence of ovigerous females applied to species that have a higher position in the phylogenetic classification. Thus, in Aristeus antennatus there was no time-lapse between maximal presence of females with recrudescent gonads and ovigerous females, because this species does not carry eggs in the abdomen; in P. multidentata this time lapse is only 1 to 2 mo; in comparison to the Brachyura crab Geryon longipes, where the time lapse was 4 to 5 mo (see specific details in Table 2 ). This latter aspect is a phyletic trait, associated with the time spent for both the gametogenesis and the incubation of the eggs in their abdomens before hatching. Polycheles typhlops is the only species dwelling at the deepest range of this study that did not follow any of the general trends described until now. As mentioned, it is reproductively active all year round (Figs. 2   & 3) . Moreover, this species has no distinguishable seasonal recruitment of its juveniles; the exoskeleton colour is different from that of the other middle-slope dwelling species; and while violet is the common colour of female gonads and eggs for all these species, P. typhlops has eggs of a milk-like colour (Table 2) .
DISCUSSION
Increasing seasonality of the reproductive periods with increasing species depth distribution
Tyler (1988) and Gage & Tyler (1991) postulated that, if a seasonal reproductive process is present in deepsea species, an environmental feature should play a role. However, information available concerning any such links is very scarce (Campos-Creasy et al. 1994 , Ramirez-Llodra et al. 2002 . While studying the interspecific reproductive variability, 2 factors must be taken into consideration: the endogenous control, i.e. the endocrinic control of the gametogenetic process, and the exogenous influence, i.e. the environmental control throughout the entire reproductive process (Giangrande et al. 1994 , Eckelbarger & Watling 1995 , Giangrande 1997 ). Currently, data on deep-sea invertebrate reproductive aspects is mainly available for actinians, peracarid crustaceans, brachiopods, bivalves and echinoderms (Harrison 1988 , Tyler 1988 , Bishop & Shalla 1994 , Campos-Creasy et al. 1994 , Ramirez Llodra et al. 2000 , Sumida et al. 2000 , Cartes et al. 2001 , indicating that both seasonal and continuous reproductive patterns are adopted by deep-sea species, even when they coexist in the same area, but continuous reproduction is still the most common in deep-sea habitats below 1000 m (Tyler et al. 1994) . Decapod crustaceans usually do not figure in these comparative review works; however, this taxon is one of the best represented in subtropical waters, such as the Mediterranean Sea (Sardà et al. 1994 , Maynou & Cartes 2000 , Abelló et al. 2002 . Decapod crustaceans display a large variety of habits and life strategies along the Mediterranean continental margins, being the largest invertebrate megafaunal group (Sardà et al. 1994) .
The present study focused on the transitional depth between shallow and deep-sea environment (below 1000 m depth, Rowe 1983) . In some cases, several species of a single genus (e.g. Pasiphaea, Processa, Plesionika and Munida) occupied the entire depth range studied, and there appears to be an adaptive divergence of the traits of the reproductive periods of closely related species as a function of their habitat depth. Conversely, there is strong evidence of the convergence of properties of species with different life habits and/or different genera, families and even infraorders. Coastal and shelf dwelling species present highly variable reproductive traits in terms of seasonality, with many species reproducing throughout the year and many others being distinctly seasonal (Giangrande et al. 1994) . The same variability of reproductive period duration has been described for deep-sea species dwelling below 1000 m depth (Blake 1993 , Tyler et al. 1994 . It therefore would appear that the variability within the 2 separate environments may be linked to a larger variety of factors. Seasonality, or lack of it, in both shallow and deep-sea waters can be linked directly to phylogenetic constraints and/or opportunism/adaptation to specific habitat characteristics, for example rocky habitats in shallow depths or hydrothermal vents in deep-sea waters (see Ramirez Llodra et al. 2000 for details on reproductive traits of 3 hydrothermal vent caridean shrimps). But, for the intermediate depths studied here, environmental factors seem to play a proximate role in the duration of these reproductive periods.
The decrease in organic matter input at increasing depths and the seasonality of these inputs are considered directly linked to the biological activity of the deep-sea habitats (Gage 1994 , Levin et al. 1994 , Smith et al. 2002 . The present data suggest that the observed progressive decrease in the duration of the reproductive periods is related to this decrease of matter input (see Fig. 4 ), preventing females from allocating energy to their reproductive processes throughout the year. Although information on temporal variability of downward fluxes in the study area is only available at ~1000 m water depth, some insights can be obtained from the hydrographic profiles recorded across the continental margin in April, June and October 1993. PMC profiles reflected a similar distribution of suspended particles throughout the year (Fig. 4) . The fact that nepheloid layer detachments are always preferentially developed in the upper-slope region suggests that this part of the margin can receive a more continuous supply of particulate matter from resuspension processes and lateral transport than the deeper regions, where intermediate nepheloid structures are not developed (Puig & Palanques 1998a) . These permanently high concentrations of suspended particles at shelf/slope break and upper-slope have been related to life-histories, population structure and recruitment processes of some decapod crustaceans species (Puig et al. 2001) . Furthermore, this supply of suspended particles through intermediate nepheloid layer detachments is more continuous and diminishes the importance of the vertical fluxes coming directly from surface waters in the upper continental slope region, where, therefore, the input of matter to the benthic organisms is less seasonal than in deeper waters. On the other hand, downward particle fluxes at 1000 m are less affected by lateral inputs of matter and they exhibit a clear seasonal trend (Fig. 5) . This strong seasonal variability in total mass fluxes in the middle-slope region is related to a low sediment transfer during the summer season, which is associated with sea water stratification, absence of storm resuspension events and river avenue events, lower mesoscale activity of the along-slope geostrophic current and the reduction in the biological activity in surface waters due to the restriction on the diffusion of nutrients from deep layers to the photic zone (Puig & Palanques 1998b) .
Before attempting to find a general pattern in reproductive processes of the upper-and middle-slope dwelling species, it is important to point out that fish, as the other main megafaunal taxa component of these depths in the Mediterranean Sea, and other invertebrates besides decapod crustaceans should be accounted for. Unfortunately, the data for these other taxa are scarce in the Mediterranean (usually no yearround available and not simultaneously obtained with environmental data). Eckelbarger & Watling (1995) concluded that reproductive biology of deep-sea invertebrates should first consider the phyletic history of individual species before attempting to explain observed reproductive patterns. They therefore suggest that generalisations regarding the reproductive response of any diverse assemblage of deep-sea organisms to organic input are inherently simplistic, if these assume that all species within the group possess the same capacity to respond to this stimulus. However, the evidence reported here is strong enough for us to present a first hypothesis, represented graphically in Fig. 7 , in which an 'energy availability' control may first be suggested, i.e. that a decrease in the available energy does not allow a year-round reproduction activity for the middle-slope dwelling species. Species living in these intermediate depths (150 to 1000 m) present a progressive decrease of the duration of their reproductive processes and the observed trend is unlikely to be due to phylogenetic constraints. All the species of this study, except for Polycheles thyphlops, have visual-feeder habits throughout their life cycle, as adults (Cartes 1998) and, presumably, in the larval stage, although no information about trophic habits exists for the larval stages of the majority of these species (Rotllant et al. 2001) .
However, this first attempt to describe a general response to the surrounding environmental features does not take into account the species of the infraorder Palinura, Polycheles typhlops, which showed continuous reproductive activity year round.
The year-round constant temperature (Hopkins 1985) found in the Mediterranean between 150 and ~5000 m (the deepest part of the Mediterranean) could also be an environmental aspect to consider for this generalised behaviour. However, variability of the surface temperature plays an important role on the oceanographic processes, physically and biochemical, in the photic zone. Thus, vertical flux to the seabed and some stages of the life cycles of the deep-water species must be directly affected by the seasonal temperature changes.
Timing of reproductive processes of deep-water Mediterranean decapod crustaceans
The interpretation of the differential timing of the reproductive periods, i.e. the specific season of the year of these processes, seems less clear. There are many gaps in information and any general conclusion will certainly be inaccurate due to the shortage of knowledge about definite biochemical cues triggering the reproductive processes in deep-dwelling species. When looking at the data presented in Figs. 2, 3 & 6 and Table 2 , other aspects apart from those considered in the above discussion section surely should be taken into account. If reduced energy availability affects the duration of the reproductive period, why does this not equally affect the timing of these reproductive periods? In other words, if the matter fluxes are highly seasonal and if, at certain seasons of the year, this energy input is not sufficient to trigger biological processes in deeper waters, why do all the species not synchronise their periods in the same season? Thus, the uncoupling found between matter fluxes and reproductive processes of the species showing seasonal reproductive activity studied here suggests that differential seasonal availability of energy does not affect all species reproductive processes equally. In shallow water dwelling species, it is just beginning to be understood how gametogenesis, spawning, larval release and larval settlement processes are controlled by many different hormonal and environmental factors, and how the different taxa or species respond very differently under the same environmental features (Rodríguez et al. 1993 , see reviews of Giangrande et al. 1994 and Giangrande 1997 on life-histories of marine invertebrates and specifically for polychaetes, one of the best known marine invertebrate groups in terms of biological response against environmental features). These biochemical cues and control pathways are one of the least understood biological aspects of deep-water ecological dynamics. In the study area, besides the depth reduction of particulate matter concentration, we found a highly seasonal trend of downward fluxes at ~1000 m depth, both in terms of quality and quantity of particulate matter that reached the deep-slope region. As shown in Fig. 5 , OC content is higher from June to November, whereas during the rest of the year it is almost constant (~2.5%). These high OC% values are clearly associated with the lower total mass fluxes recorded in summer, which leads to a smaller supply of lithogenic particles from the shelf and to the consequent enrichment of organic matter in the settling matter. Biogenic silica is another organic constituent of the particle flux that shows a seasonal trend. Maximum opal percentages are recorded during March-April, related to the biological 'spring bloom' in surface waters and to the consequent higher sedimentation rate of siliceous skeleton organisms. However, our data do not allow any correlation of the timing of the reproductive periods with any specific type of the matter fluxes described here. In spite of this, it is assumed that the variability, in terms of quan-212 Fig. 7 . Scheme of the relationship between duration of reproductive periods and depth of distribution of visual-feeder megafauna dwelling across the continental margins of the NW Mediterranean Sea. Black bars: hypothesised number of months in which species may undertake their reproductive activity supported by the data presented in this study; grey bars: hypothesised co-occurrence of seasonal and continuous reproductive species at shelf and lower-slope depths tity and quality of the fluxes, should have a direct or indirect effect on the differential timing of the reproductive processes of the deep-dwelling species studied here, but some other biological aspects could also be appealing. Much research still needs to be done in order to understand the biochemical and environmental cues that affect the reproductive periods of each individual species. Even with the lack of information mentioned above, phylogenetic traits must be taken into account while describing the differential timing of the reproductive processes of the species dwelling on the Mediterranean middle-slopes in the sense that each individual species responds differentially to the surrounding environmental features described here, which contradicts the postulated environmental control on the duration of the reproductive periods mentioned above. Phylogenetic constraints are present at family level, among other taxonomic levels, influencing the egg size, egg number by cohort (Giangrande et al. 1994 , Eckelbarger & Watling 1995 and, from the data presented here, these phylogenetic traits also influence the main reproductive season. Thus, our results show that seasonal organic fluxes to the deep-water floor provoke a variety of reproductive responses in unrelated taxa, i.e. phylogenetically diverse species presented a differential timing of their reproductive processes, but all respond equally in terms of the duration of these processes, suggesting that the proximate cause controlling the duration of the reproductive periods of the Mediterranean middle-slope decapod crustaceans is the decrease in energy input to the benthic system and the ultimate cause is the phylogenetic traits. The phyletic traits of each genus, such as egg size and larval size, must be determinant in the adaptive processes of the species to the environmental features of a specific region. As discussed by Company et al. (2001) , the species of a highly cosmopolitan genus such as Pasiphaea undergo reproductive activity at different seasons of the year in each different ocean where they are distributed, but all these species present a relatively large egg size in comparison with other decapod genera, an aspect that will impart an invariable selective pressure while colonising new habitats. Each species possesses a unique suite of lifehistory characteristics, gathered over a long evolutionary history, and that imparts selective advantages (or disadvantages) under a given set of environmental conditions (Eckelbarger & Watling 1995) .
Finally, the unexpected finding regarding the quasiperfect timing asynchrony of the reproductive periods of the deepest-dwelling species studied in this work (see Fig. 6 ) adds a third aspect when describing the reproductive processes of the decapod crustacean of the NW Mediterranean Sea. To our knowledge, no information related to this latter aspect is available for deep-water invertebrates. It appears that in addition to environmental control on the duration of the reproductive processes, and the phylogenetic traits related to the timing of these processes, an extra biological trait might be suggested while describing how species are adapted to their habitats: inter-specific competition for available resources on a space/time scale. This last feature of the biology of the decapod crustacean of the Mediterranean middle-slopes represents a singular case study of a perfect adaptation and linkage of species to the environmental features of their surroundings, maximising the benefit from stored female energy as the larvae is released in the most favourable season for their survival. This inter-specific timing asynchrony of the reproductive processes needs further and deeper research due to its implications for our understanding of benthic community structure and dynamics.
Polycheles typhlops : an exception or the species that strengthens a hypothesis?
Polycheles typhlops was the single deep-dwelling species in this study which did not present seasonal behaviour in its reproductive processes. The reasons behind this behaviour may well be related to one of the characteristics present in all Polychelidae species, i.e. that adults and larvae are blind (Bernard 1953 , Beaubrun 1978 . Other differential characteristics of this species in comparison with its depth-related species have been shown in Table 2 .
Historically, differential and reduced food availability has been considered to be one of the main factors affecting the biological traits and community and population structure of the deep-water and deep-sea species (Gage 1991 , Gage & Tyler 1991 , Levin et al. 1994 , Puig et al. 2001 . However, Childress (1995, and references therein) postulates the light hypothesis; instead of an adaptation to a reduced food availability, adaptation to low levels of light in a deep-water environment can account for the decline in the metabolic rates of midwater animals having visual-feeder habits. Light could be involved in the evolution of different locomotive and predatory capacities at different depths. Several studies show how the metabolism of midwater fishes, crustaceans and cephalopods decreases down to 1000 m. Below this depth the metabolism ceases to decline, due to essential absence of light (Childress 1995 , Seibel et al. 2000 . Childress (1995) and Seibel et al. (2000) proposed that light plays an important role not only in species distribution, but also in the evolutionary processes of these midwater animals. They hypothesised that the lower predator-prey interaction related to the low light intensity at greater depths is the cause of this decline in metabolic rates. In invertebrate animals with no vision, such as chaetognaths in which the interaction between predator-prey does not play a major role in feeding behaviour, no decreases of metabolic rates versus depth gradient were found (Thuesen & Childress 1993) .
Polycheles typhlops does not follow any of the trends mentioned until now. Being blind must have a significant effect on its feeding behaviour. In fact, we assume that this species is a non-visual feeder because only scavenging habits have been described (Cartes & Abelló 1992) . It feeds on organic detritus found in sediment and no active feeding has been described. Stereomatis sculpta and S. nana, 2 other deep-sea blind species of the same family, also have continuous reproductive periods (Wenner 1979) . S. sculpta is also distributed in the northwestern Mediterranean (Abelló & Cartes 1992 , Cartes & Sardà 1992 ), but no information on year-round reproductive data is available at present. Other shallow-dwelling species of this infraorder (Palinura), such as species of the genus Palinurus, and in particular the coastal and shelf dwelling species P. elephas, show a highly seasonal reproductive cycle (Morgan 1980 , Hunter 1999 . None of these coastal and shallow species are blind.
Several questions have arisen from our collective data: is the light hypothesis proposed by Childress (1995) , i.e. that metabolic rates decline with depth due to a light adaptation, also related to reproductive processes? Is a visual trophic relationship linked with the food availability related to this process? Why is the only species without a clear seasonality to its reproductive processes blind? Why is this species the only one with differently coloured gonads and eggs, while all the others follow a similar trend in relation to the colour of their gonads and exoskeletons (Company 1995) ? However the main question is: if, as mentioned in the first section of this discussion, the available energy at middle-slope depths does not allow species to undertake year-round reproductive processes, why does Polychele typhlops do this?
The answer may lie in the feeding behaviour of this species. The energy needed for female gonad storage may be independent of the seasonal signal of the matter sinking from the photic zones due to its scavenging behaviour, which means that this species would be able to allocate enough energy through the entire year. Larvae are also blind, which means that the release of these larvae would not be necessarily linked with a favourable season for them to be able to catch prey.
We assume that all the trends mentioned in the 2 previous sections are yet more valid when taking into account the reproductive behaviour described for Polycheles typhlops. As discussed, reduced food availability affects the duration of the reproductive periods, but somehow this reduction only affects the visual feeder species due to their high level of dependence on a predator-prey relationship. Thus, the species will have to adapt to reproduce in the season of the year when their prey is more abundant in order to store energy for their gonads or in order to release their larvae in the most favourable season when their larvae will be able to see their prey in the water column. Despite this reduction of the food availability at the middle-slope habitats, species with the unique feeding characteristics of P. typhlops will be able to reproduce throughout the year. In this regard, Blake (1993) and Tyler et al. (1993) , concerning the reproduction characteristics of several deep-water and deep-sea polychaete species and 2 deep-sea seastars, would corroborate the results presented here. These authors hypothesised that surface deposit feeders would be more likely to exhibit seasonality in their reproduction than sub-surface deposit feeders.
Our results, including those related to the blind species Polycheles typhlops, lead us to assume that food availability and phylogenetic traits control the reproductive processes of the decapod crustaceans dwelling in the continental margin of the Mediterranean, but that adaptation of the species' reproductive processes to a specific habitat are ultimately controlled by light through its effect on the feeding modality of the species.
Although recent work postulates that the deep sea is much more physically and biochemically variable than previously thought (Gage & Tyler 1991 , Gage 1994 , Smith et al. 2002 , the historical concept of the deep sea being highly stable can be accepted when compared with terrestrial or coastal environments. In this regard, Childress (1995) pointed out that one of the main reasons for the generalised physiological response of animals living in midwater habitats is that they are essentially exposed to the same and seasonally constant environmental conditions. This conclusion can also be applied to the generalised trend found here regarding the reproductive processes of the continental slope-dwelling species of decapods.
In conclusion, the understanding of deep-sea ecological processes needs long-term data, and too much of our knowledge is hypothetical. Larval behaviour is one of the least known processes of deep-sea species biology (Tyler & Young 1998) . Thus, we were not able to fully interpret the information in this study. For example, the timing of the reproductive period of each of the middle-slope species could well be linked with the overall larval behaviour, including trophism and settlement behaviour. If, for instance, we knew which larvae have direct development with no pelagic stages or which ones have free spawning planktotrophy, this would greatly help the interpretation of the timing of the reproductive processes shown here.
